Cholesterol feeding studies revealed that the wide variability of cholesteremic response of rabbits is in part sex determined. Male rabbits display lower cholesterol levels both before and after cholesterol feeding. Estradiol treatment of selected rabbits fed cholesterol augmented their cholesteremic response; testosterone treatment had an opposite effect. Ovariectomy lowered while orchidectomy augmented the cholesteremic response of rabbits fed cholesterol; castration tended to diminish the wide variability of cholesteremic response previously observed among intact rabbits.
T HE study of cholesterol metabolism in rabbits demands consideration of the variability of cholesteremia and the development of sensitive and reproducible cholesterol feeding technics. Individual rabbits exhibit characteristic hypercholesteremic responses. Furthermore, a notable sex difference in cholesteremia among rabbits has been discovered. Female rabbits have been found more susceptible than males to hypercholesteremia both before and after the introduction of the dietary cholesterol. This sex-associated phenomenon has been elucidated in part by studying the effects of castration, estrogen and androgen treatment on cholesteremia of this species.
PROCEDURES
White New Zealand rabbits 10 to 15-weeks-old, weighing 2500-3500 Gm. were housed in single cages. The colony room temperature was maintained at 14 ± 1 C. since it has been observed at this laboratory that high environmental temperatures augment the trypercholestereinic response of rabbits.
During preparatory and rest periods the animals were maintained on commercial rabbit pellets (Purina) which contain 4 per cent fat, 15 per cent protein and no cholesterol. This diet and water were furnished ad lib. After several unsuccessful attempts to formulate a satisfactory ''purified" rabbit diet, the experimental diet used was based on rabbit chow supplemented with corn oil and cholesterol. The crystalline cholesterol was dissolved with heat in corn oil (Mazola) and the hot solution was poured over a measured amount of rabbit food in pellet form. Mechanical mixing quickly distributed the congealing lipids in a thin and even coat over the surfaces of the food pellets. The lipid supplements were added in such proportions that a 40 Gm. aliquot would supply each rabbit the daily ration of cholesterol and corn oil and the balance of the animal's food was made up with commercial rabbit pellets. To insure complete consumption, the pellets supplemented with lipids were placed on top of the day's ration. Measurements of food intake and body weight were kept during the experimental trials.
Blood was withdrawn from the marginal ear vein for the measurement of the serum total cholesterol by the method of Abell and associates. 1 
RESULTS
Variability of Cholestermnic Respmise. The cholesteremic responses of matched groups of rabbits to four levels of dietary cholesterol intake were studied. The ranges selected were 240, 400, 700 and 1200 mg. of cholesterol per day for 28 days. The rabbits, including both males and females, were bled at 7 day intervals. The results are presented in table 1.
The data indicated that the 1200 mg. dose was excessive when consumed for more than 21 days because some animals became sick and refused feeding. It was clear that the magnitude of serum response was sufficient even after 14 days at the lowest level (240 mg.) to assure sufficient increases above the control 408 emulation Research, Volume IV, Jxily 1BS6 serum cholesterol levels to characterize individual rabbits. Furthermore, the variability of cholesteremic response among these animals was highest at a dose of 240 mg./day as shown by the coefficients of variation 2 in table 1. For all subsequent studies, a dose of 240 mg. of cholesterol/day was adopted.
The variability of the response of a large number of male and female rabbits to a dietary treatment with 240 ing. of cholesterol daily for periods up to 90 days is presented in table 2. The distributions of these serum cholesterol levels were found to be skewed toward the high serum levels. Therefore, logarithmic transformations of the data were carried out in order to normalize the distributions for the application of conventional statistical technics. 3 These computations indicated that a highly significant difference in the serum cholesterol level exists between male and female rabbits both before and during cholesterol feeding. The male rabbits exhibit lower mean levels. Some male rabbits showed little or no response to treatment. Animals which responded only slightly were more common among the male than among the female rabbits and conversely "hyper-rcsponding" animals were more common among female animals. It is also notable that every female animal responded to the treatment with some degree of hypercho-lesteremia. The female rabbits showed larger variability at all times than did the males.
Reproducibility of the Cholesteremic Response
to Repetitive Assays. Twenty-one normal adult rabbits, including males and females, were treated with 240 mg. of cholesterol daily for 2S days. At the end of this period the rabbits were returned to a stock diet consisting of commercial rabbit pellets. The serum cholesterol * Student's t test was applied to the differences of means between sexes after converting the arithmetic values to logarithms. This has the effect of "normalizing" the distribution. When the standard deviations obtained with logarithmic values are returned to arithmetic values, these assume two values for each distribution, since the distribution is asymmetrical. For a discussion see reference 3. f p -probability n = number of rabbits observed levels were found to return to normal pretreatment levels in variable times ranging from 7 to 00 clays. These times were generally longer for the animals with the highest serum cholesterol levels. For the present work the animals were permitted to recover on the commercial diet for at least 60 days before re-study. After intervals of (>0 or more days, the 28 day assay was repeated. A comparison of the trials is shown in table 3. This indicates that the responses were not significantly different in the two successive assays at any of the 5 bleeding periods.
The data justify the practice of using a rabbit as a "self-control" for cholesterol feeding trials after a rest interval of at least 60 days. Therefore, a standard cholesterol feeding procedure has been adopted for individual rabbits, i.e. 240 mg. of cholesterol/day for 28 days with recovery periods of at least 60 days between the cholesterol feeding trials.
Effect of Castration on the Gholestcremic Response. Shapiro 4 had observed that gonadectomy caused an increase in blood cholesterol levels in rabbits following cholesterol feeding. However, Bruger and associates 6 found that ovariectomy had no effect on the cholesteremic response of rabbits fed cholesterol and this was supported by Mininni and co-workers. 6 In the present study, 4 male and 4 female rabbits which had been previously characterized with the standard cholesterol feeding regimen, were surgically castrated. Following the castrations, the animals were allowed to rest for 90 days while they were fed commercial rabbit pellets. At the end of this period the serum total cholesterol level of each of the animals was measured and the rabbits were subjected again to the standard 28 day cholesterol feeding regimen.
The data in table 4 indicate that while ovariectomy did not affect the serum cholesterol levels before the cholesterol feeding regimen began, the wide variability of cholesteremic response to cholesterol feeding which had been observed in the precastration trial was diminished by castration. Prior to ovariectomy, the cholesteremic responses among these 4 rabbits after 28 days of cholesterol feeding varied from 104 mg. per cent to S78 mg. pei 1 cent. After ovariectomy, the range was from 256 mg. per cent to 444 mg. per cent.
Castration of male animals appeared to have no significant effect on their serum total cholesterol levels before cholesterol feeding (table 4) . However, a variance analysis indicated that orchidectomy significantly augmented the cholesteremic response of these 4 rabbits during the cholesterol feeding regimen.
(F = 68.7; p < 0.01).* A comparison of the data of the 4 female castrates was then made with the data of the 4 male castrates. It was found that although the cholesteremic response among the S animals had varied markedly before castration, there was little difference in cholesteremic response to cholesterol feeding among the animals after castration (p > 0.5). The effect of castration was to remove the sex-determined differences of response to this treatment with cholesterol.
Influence of Estradiol and Testosterone Treatment on tlie Clwlesleremic Response. Five male
and two female rabbits which were "hyporesponders"t by the standard cholesterol feed-• Student's t test on the individual differences between trials for each bleeding period illustrate the effect of treatment at separate time intervals. In addition, variance analyses were carried out to determine the effoct of treatment on the over-all cholesteremic responses following cholesterol feeding (for 7, 14, 21, and 2S days). The results of the varianco analysis are represented by the F ratio. 1 f The wide range of responses to dietary choles- * The post-castration measurements were carried out 90 days following castration. f Based on Student's t test of the individual differences between the precastration and postcastration measurements. | Probability. These p values represent the results between the precastration and postcastration stato for each bleeding period. However, the responses of the male castrates have been compared to those of the female castrates and were found not to be statistically different. The result of this tost is indicatod in the text, [f the data between the male and female rabbits of (he precastration condition aro compared, it can be seen without the aid of significance testing that these animals differed markedly. (Also confirmed by table 2.) tcrol and the rcproducibility of this phenomenon suggested that it would be useful to classify rabbits into three grou|>s: "hypo-responder" if the serum level after 2S days of treatment was 120 mg% or less;
"normo-responder" if the level was grcator than 120 mg% but less than 400 mg%; and "hyper-responder" if the serum cholesterol level exceoded 400 mg% after 2S days of 240 nig. of cholesterol per day. ing assay were selected for estradiol treatment. Each rabbit was given 0.125 mg. of estradiol dipropionate in oil solution intramuscularly twice weekly.
The hormone treatment was begun 2 weeks prior to the cholesterol feeding regimen and continued during the 28 day cholesterol feeding period. The date reveal ( fig. 1.4 ) that a 2 week preliminary treatment with estradiol did not significantly influence the serum total cholesterol level of these 7 rabbits (p > 0.2). However, when these animals were subjected to the standard cholesterol feeding trial, the estradiol treatment augmented the cholesteremic response of all 7 rabbits. An analysis of variance of the cholesteremic response of the seven rabbits fed cholesterol for 7, 14, 21, and 28 days revealed an F = 20.4 (p < 0.01). The most pronounced effect of the hormone treatment was observed at the 28 day bleeding period (t = 4.8; p < 0.01).
Five female and 2 male rabbits which had been previously characterized as "hyperresponders" were selected for testosterone treatment. Each rabbit received intramuscularly 5 mg. of testosterone propionate in oil solution twice weekly.
A two week preliminary treatment with testosterone before cholesterol feeding caused a significant decrease in the serum total cholesterol level of the 7 "hyper-responders" (fig. IB, t = 3.2; p < 0.03). Furthermore, the cholesteremic responses of these animals which were selected for their high response to cholesterol feeding were significantly diminished by the hormone treatment. An analysis of variance of the cholesteremic responses of the 7 rabbits for the 4 bleeding periods (7, 14, 21, and 28 days on cholesterol) revealed an F ratio of G5.2 (p < 0.01). These findings do not agree entirely with those of other workers 7 ' s who reported that both testosterone and estradiol protect against hypercholesteremia and only in the intact female rabbit fed cholesterol.
Effect of Estradiol and Testosterone on the Cholesteremic Response of Castrated
Rabbits.
Seventy-five days following a standard 28 day cholesterol feeding trial, a group of 5 castrated rabbits, which included 3 male and 2 female animals, was treated with 0.25 mg. of estradiol dipropionate twice weekly. This treatment was supplemented after 2 weeks with the 28 day cholesterol feeding trial. In a similar manner a group consisting of 5 castrated rabbits, including 3 male and 2 female animals, was treated with 10 mg. of testosterone propionate twice weekly. It was found that estradiol treatment did not influence the serum total cholesterol level of the 5 castrated rabbits either before (t = 0.3; p > 0.5) or after cholesterol feeding (F = 0.8; p > 0.5). Testosterone treatment appeared to slightly lower the cholesterol level of all 5 castrates before cholesterol feeding (t = 3.1; p < 0.05), but at the end of 28 days of cholesterol feeding no significant effect of the testosterone treatment on the cholesteremic, response could be demonstrated (t = 0.7; p > 0.5). In agreement with previous studies,' the administration of sex hormones to castrated rabbits fed cholesterol was without effect.
DISCUSSION
Reports of the serum cholesterol levels of normal rabbits, based on acceptable cholesterol methods, indicate that the average level is approximately 50 mg. per cent.' 110 On the other hand, Pollak's data 11 indicated an average total blood cholesterol level for 32 rabbits of various ages to be 107 mg. per cent, without sex difference. Mases and Longabaugh 11 F1LLI0S AND MANN 411 have presented the total blood cholesterol levels of 54 male rabbits and their data revealed great variability (range: 25 to 113 mg. per cent). Untreated rabbits in our laboratory often showed serum total cholesterol levels as low as 15 mg. per cent (usually males) while others had levels as high as 200 mg. per cent (usually females). The pretreatment total cholesterol values of our male rabbit population (table 2) agrees closely with the experience of Payne and Duff. 9 The female rabbit population described in table 2 has shown a mean and standard deviation of the cholesterol values almost twice that of the male rabbits. Not only do male rabbits show significantly lower cholesterol levels than do female rabbits before cholesterol treatment, but the male rabbits also show smaller average cholesteremic responses when subjected to a standardized cholesterol feeding trial. Steiner" reported, incidentally, that occasional male rabbits were refractory to cholesterol feeding, an observation also made in our laboratory.
The successful execution of our studies required the development of a suitable cholesterol feeding procedure. A dose of 240 mg. of cholesterol/day for a period of 28 days produced a significant hypercholesteremia in most rabbits and yet did not eliminate evidence of individuality of the cholesteremic response. This level was not toxic for rabbits that have been maintained on this treatment for several months. Furthermore, individual rabbits were found to exhibit a high degree of reproducibility of cholesteremic response to this standardized feeding regimen.
The sex-determined variability of cholesteremic response observed among intact male and female rabbits was shown to be influenced by androgen or estrogen treatment. These findings imply that the control mechanism for regulating cholesteremia in this species is in large measure influenced by gonadal hormone production. In support of this hypothesis castration of either male or female resulted in a marked diminution of the variability of cholesteremic response to cholesterol feeding. However, the administration of sex hormones to these castrates did not appear to restore their precastration cholesteremic responses. These observations suggest either that the variability of cholesteremia among rabbits is influenced by an intact gonadal system or that the replacement hormone treatment used is inadequate.
It is notable that these data indicate a sexdetermined response to cholesterol feeding in rabbits which may be the reverse of the apparent situation in the human species. Recent human data show that human adult males average higher serum cholesterol levels than do females before the sixth decade. 14 ' " In the human material, however, very little is known about the sex differences of activity, calorie balance, cholesterol and fat intake which, among other environmental factors, are important to the regulation of serum cholesterol levels. It will be necessary to evaluate these variables before it can be concluded that the endocrine influences upon cholesterol metabolism are opposite in the two species.
In contrast to the extensively documented experiences with the domestic fowl, 16 studies on the influence of sex on the blood lipids in mammals are still inconclusive. SUMMARY A useful cholesterol feeding regimen has been developed which consists of a daily supplement to a commercial rabbit food diet of 240 mg. of cholesterol and 1.6 Gm. of corn oil for a 2S clay period. This procedure, which has been shown to produce a similar cholesteremic response from time to time in the same rabbit, has revealed a wide variability of cholesteremic response among individual rabbits.
This variability is partially sex determined for male rabbits have significantly lower average serum cholesterol levels than do female rabbits, both before and after treatment with dietary cholesterol.
Ovariectomy lowered the average cholesteremic response of a group of female rabbits fed cholesterol. On the other hand, orchidectomy increased the cholesteremic response of a group of male rabbits fed cholesterol. Castration tended to diminish the wide variability of cholesteremic response to cholesterol feeding previously observed in intact rabbits.
Estradiol treatment of intact male and female rabbits fed cholesterol caused an increased cholesteremic response. Testosterone treatment led to a decrease in the cholesteremic response of intact rabbits before and after cholesterol feeding. On the other hand, estradiol and testosterone treatment did not significantly influence the cholesteremic response of castrated male and female rabbits during 28 days of cholesterol feeding.
SUMMAIUO IN INTERLINGUA
Esseva disveloppate pro experimented con conilios un utile dieta a cholesterol que consiste del addition diurne a un commercial alimento pro conilios, durante un periodo de 28 dies, de 240 mg de cholesterol e 1,6 g de oleo de mais. Iste methodo, usate a varie tempores, ha producite simile responsas cholesteremic in le mesme conilio. Illo ha revelate un grande variabilitate del responsas cholesteremic in differente conilios.
Ille variabilitate del responsa cholesteremic cs in parte sexualmente determinate. In conilios mascule le nivellos median del cholesterol serai es significativemente plus basse que in conilios feminin. Iste observation es valide tan to ante como etiam post le administration de cholesterol dietari.
Ovariectomia resultava in un reduction del median responsa cholesteremic in un gruppo de conilios feminin que habeva recipite le dieta a cholesterol. Del altere latere, orchidectomia resultava in un augmento del median responsa cholesteremic in un gruppo de conilios mascule que habeva recipite le dieta a cholesterol. Castration tendeva a diminuer le grande variabilitate del responsa cholesteremic al dieta a cholesterol, que habeva previemente essite observate in conilios intacte.
Le tractamento a e3tradiol causava in intacte conilios mascule e feminin, que recipeva lc dieta a cholesterol, un augmentation del responsa cholesteremic. Le tractamento a testosterona causava in intacte conilios mascule e feminin, ante e post le administration del dieta a cholesterol, un reduction del responsa cholesteremic. Del altere latere, la tractamento a estradiol e le tractamento a testosterona non influentiava significativemente le responsa cholesteremic de castrate conilios mascule e feminin durante le regime de 28 dies del dieta a cholesterol.
